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Abstract

Results for the residual circulation inthestratosphercand lower mesosphereb etween Septem-
ber 1991 and February 1994 are reported. 'Fhis circulation is diagnosed from the measurements
of temperature, ozone, and water vapor acquired by the Microwave Litnb Sounder (ML S) on-
board the Upper Atmosphere Research Satellite, augimented by climatological distrib utions o f
methane, nitrous oxide, nitrogen dioxide, surfaceallyedo,and cloud cover. An accurate radiative
transfer code and a streamfunction code that avoids the problem of global iinbalance in the net
diabatic heating rates, are used inthe calculations. The cotiputed vertical velocities undergo
a seniannual oscillation (S A()) around the tropical stratopause, with the region of downward
velocities reaching maximum spatial extent inFebruary and August, Thisbehavior is related
to the seinannual oscillation in temperature and ozone arid mimics that seceninpast studies
of the October 1978 - May 1979 period based on data from the Limb Infrared Monitor of the
Stratosphere onboard the Ninbus 7 satellite. A possible modulation of the SAO by the quasi-
bienmal oscillation (Q]]()) is hinted at. The relation of the computed circulation to existing
theoreticalmiodels of the SAO is discussed aund its possibl ¢ implications for the distribution of
trace constituents are illustrated by the exaniple of the “ double- p caked” structure inthe water

vapor distribution measured by M1, S.



1 Introduction

The studies of the diabatic circulation in the middle atinosphere were pioneered by Murgatroyd
and Singleton (1961), who used the diabatic heating rates computed by Murgatroyd and Goody
(1958). The latter only considered radiative transfer by carbon dioxide and ozone, with the distri-
bution of the latter based on the sparse information available at the time. Even so, the resulting
diabatic circulation captured most of the essential features of the “Brewer-Dobson” circulation
deduced from early observations of the meridional distribution of ozone and water vapor.

More recent derivations of the zonally symmetric transport in he stratosphere have been based

on the transformed Fulerian-mean (TEM), or residual-mean, system of equations, in which he
observed temperature field is used to compute time tendency and horizontal heat flux terms, in
addition to the infrared cooling needed to determine the net diabatic heating. The advent of
nearly global temperature fields retrieved from satellite-borne remote sensors has provided the
critical inpu  to these caleulations. Of particular note are the diagnostic calculations based on
climatologies derived from several sa ellites (Rosenfield et al. 1987; Callis et al. 1987; Shine
1989; Marks 1989; Choi and Holton 1991) aund those based on the observations of the Nimbus
7 i Infrared Monitor of the Stratosphere (LIMS) over the period October 1978 - May 1979
(Solomon ct al. 1986; Hitchmman and Leovy 1986; Gille et al. 1987; Callis et al. 1987; Pawson and

Harwood 1989). The main advantage of .he 1, MS-hased studies was the high vertical resolution

of the temperature and constituent data retrieved from LIMS, while the climatological studies had

the benefit of investigating the circulation over a full seasonal cycle. The vertical -esolution and
spatial coverage obtained by LIMS were especially useful in he study of large-scale phenomena like
a.mospheric tides and the semiannual oscillation (SAO | although only one cycle of the lat .er was

covered during the operational period of JIMS.

The launch of he Upper Atmosphere Research Satellite  JARS)or September 12,199 (Reber



et al. 1993) has provided a new data set with the vertical resolution of temperature and constituent
measurements comparable to LIM S, but which now extends for several instruments into the third
year of necarly continuous observations. The purpose of this paper is to report on the residual
circulat ion cor nputed from ozone, water vapor, and temperature fields retrieved from observations
by the UARS Microwave Limb Sounder (MLS) (Waters et al. 1993), which are most complete in
their temporal and spatial cover age. Particular emphasis will be given to the SA() because of its
prominence in the temperature and ozone fields, and thus inthe diagnosed residual circulation.
The formalism used is presented in section 2. The input fields for the diabatic heating calculation
are described in section 3, where we also discuss how we deal with one unique aspect of the UARS
MLS data, namely the shifting pattern of high-latitude coverage caused by the 57° inclination
of the satellite orbit. A description of asophisticated radiative tranfer code is given in section
4. The resulting residual circulation is discussed inscction s, The semniannual oscillation andits
implications for stratospheric transport are discussed insection 6. The paper concludes with a

sunmnary in scection 7.

2 Theoretical Framework

The residual circulation (v*,w*) IS of primary importance in two-dimensional stratospheric

modeling (sce €9, WM O 1986).1t is governed by the TEM equations (Andrews et al. 1987)
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The notation is standard. The vector F° appearing on the right-hand side of equation (1) is called

the Eliassen-Pahn (1-P) flux and ts divergence represents the contribution to the zonal momentumn

from planctary waves, whereas the term X denotes he contribution from small-scale waves and
other subgrid processes. In equa.jon (2), the term G denotes the contribution to the meridional
momentum from waves and unresolved processes and is usually neglected. The second term (with
the minus sign) on the right-hand side of equation (5) will be referred to as eddy heating and
denoted by Fe®2/M . The first term Q is the net diabatic heating, equal to Aw\awvai\:, where
J is _he diabatic heating rate per unit mass. In the following, J /e, will be referred to as the
“net diabatic heating” and expressed in uni s of kelvins per day. n the middle atinosphere, his
heating is the balance between absorption of solar radiation and emission and absorption of infrared
radiation. The availability of an accurate radiative ransfer model, in addition to the distributions of
temperature and of the radiatively active gases, is essential for computing the net radiative hea ing
rates, since the latter are obtained by subtracting the ahnost-cqual solar heating and thermal cooling
rates at cach stratospheric level. Thus, small errors in either of these components can produce
much larger errors in the net heating rates and in the strength of the derived residual circulation.
This is particularly true at levels in the middle and lower stratosphere, where the solar heating,

and thermal cooling rates often differ by less than 20%. Crisp (1986, 1989, 1990) has developed a

variety of accurate methods for finding radiative fluxes and heating rates in scattering and absorbing,




planctary atmospheres  We have combined these methods to produce a comprehensive radiative

s known to be

transfer model hat can accommodate, with one exception, all radiative proces
in portant in the stratosphere and lower mesosphere, including absorption emission, and multiple
scattering by gascs, clouds, and aerosols. The application of this model to the present data set is
described in section 4

The residual ci-culation (v",w") can be calculated from cquations (4) and (5). provided the
distributions of temperature and Q) are known, and the eddy heating term on the right-hand side of
equation (H) is neglected or estima.ed. This term, which represents cross-isentropic heat transport
by eddies, is expected to be small in the middle atmosphere (Hitchman and Leovy  986; Andrews
ct al 1987; Gille et al. 1987; C. Marks as quoted by Shine 989). The findings of our investigation
into its magnitude are discussed in section 5. When the eddy heating and temperature tendency
erms in equation (5) are neglected, the residual velocity components computed from equations (4)
and (5) are referred .o as the diabatic circula fon (Gille et al 1987). In this study, he temperature

tendency terin will be retained and the eddy heating term estimated aud then neglected

3 put Jata

31 Global Fields from MLS Data

In the present study, the fields of temperature, ozone, and water vapor measured by the MLS
imstrument will be used in the radiative transfer calculations. These fields arce taken from the latest
files (Version 3) available at the Central Data Handling, Facility at the Goddard Space Flight Center

The methodology of retrieving atmospheric fields from MLS observa ions is briefly descr bed by

Froidevaux et al. (this issue ; a more detailed description is being, prepared for publication in a

special issue describing results o the UARS validation activiti The vertical resolution of M .S




measurements is on the order of 5 km or better. In this investigation, the zonally- and time-averaged
fields will be used for the most part. These averages have been obtained as the ¥V(m = 0,0, = 0)

component in the Fourier expaunsion

M N
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where the field (A, 1, ¢, 2) is defined over longitude A, time ¢, latitude ¢, and log-prressure 2, m is
the longitudinal wavenumber, and o,, is the frequency. The Fourier components ¥(in, o,, ) (which
are functions of latitude aud log-pressure) have been computed from the individual profile data
by 11]( ails of au asynoptic mapping technique described by Elson and Froidevaux ¢ 993). This
technique, based 011 the work by Salby (1982) and Lait and Stanford (1988), accounts for the
asynchronous nature of the MIL S data (i. e, the incomplete spatial and temnporal sampling) and the
57° inclination of the UARS orbit.

The inclination of the orbit also restricts the latitudinal coverage of MLS and other UARS
measurements. Since the MLS instrument views the atinospheric limb in a direction perpendicular
to the orbit track, the latitudinal coverage at any time extends to about 80° inone hemisphere, but
to only 34° in the other hemisphere. Approximately once a month, the spacecraft is rotated in a
yaw mancuver by 180° in its track, at which point the latitudinal coverage is reversed between the
two hemispheres. The period between two consecutive yaw maneuvers is referred to as one UARS
month (there are ten UARS months in a year). In order to obtain tile global fields necessary for a
propet introduction of the boundary conditions onthe residual circulation, quasi- biweekly averages
corresponding to periods before and after the yaw times are selected for the calculations. 7 h ese
averages arc forinedas follows. First,thefields of ¥(1= (), 0,,= O) (with ¥="T,{0g], and[H,0])
are computed for an 7.2-day period (108 orbits) prececding: a yaw mancuver, giving the zon ally-

avQi'aged distributions of temperature,ozone, and water vapor between 30° in one hemisphere and



90% n the other hemisphere (the values poleward of 80° are obtained by linear extrapolation).
Using these distributions, the ficld of “\\? is computed. Then the corresponding field is computed
for an 7.2-day period after the yaw and the results are averaged between 30°S and 30°N, where the
south- and north-viewing fields overlap. Poleward of 30° the fields of J /e, prior to or after he yaw
arc used, as appropriate. The yaw dates considered in this study and their averaging periods are
listed in Table 1. The latter are occasionally shorter than 7.2 days due to spacecraft or instrumental
problems. The two extreme cases are the periods preceeding yaw maneuvers on October 24, 1993,
and February 4, 1994, when only two and one day of data are available, respectively. In these two
cases, the zonally averaged temperature and ozone fields have been constructed by simple averaging

of individual profile (Level 3A1) data (water vapor data were no longer available at lose tites,

section 3.4).

3.2 Temperature

Based on validation studies, it is presently believed that MLS temperature retrievals are re-
liable at pressures greater than 1 hPa. At lower pressures (i.c., higher altitudes), MLS-retrieved
temperature gradients may be too steep, leading to a cold bias of up to 10 K at 0.1 1Pa. We have
explored he possible consequences of this bias by calculating the change in diabatic heating rates
when the temperature is increased linearly in log-pressure by 0 to 10 K between  and 0.1 hPa and
set equal to the value at 0.1 hPa for pressures less than 0.1 hl’a (this modification has been applied
at all atitudes). For the average of the period February 1-17, 1993, the resulting diflerences in
infrared cooling rates were found to be less than 3% at pressures greater than 0.4 hPa, increasing to
10% at 0.2 hPa, and reaching more than 30% at 0.1 hPa. These differences affected our computed

residual circulation at pressures greater than 0.4 hPa only sligthly, but the impact of temperature

errors on the circulation at lower pressures is in need of further assessment At pressures greater




than 46 hPa, temperatures provided by the National Meteorological Center (NMC ) are utilized,

since the Qg line used for pressure and temperat ure retrievars becomes saturated.

3.3 0Ozone

T'he MLS instrument Incasures ozone concentrations at pressures <100 h Pa using emission at
205 Glz. Between 100 and 464 hPa, the ozone abundances are constrained to values obtained from
the two-dimensional inodel of Lawrence Livermore National Laboratory. At lower altitudes, ozone
concentrations have beenset to the assumed 464-hPa ya)ye. This seems to be a reasonable proce-
dure, for three reasons: (1 ) the main focus of the presentstudy is on the upper stratosphere and
lower mesosphere, (2) lower tropospheric ozone abundances are more than one order of magnitude
lower than peak stratospheric concentrations, and (3) global measurements of tropospheric ozone
arc not available. A test calculation for January 1992, in which ozone abundances at pressures
greater than 464 hP’a were set to zero, produced relative changes o f less than 5% in the computed
diabatic velocities, exceptinsome regions of near-zero velocities, particularly in the lower strato-
sphere. We tested the sensitivity of the computed solar heating rates to the accuracy of ozone
measurements at pressures less than 1 hPaby replacing the 205 GHz abundances at those altitudes
with those measured in the M1, § 183 Glz chaunel. The effect was found to be smaller than 5%,

which is less thanthe estiinated accuracy of oursolar heating code.

3.4 Water vapor and other constit uents

Water vapor concentratio ns are measu red in the 183 GHz chaunel. For the period between June
2 and July 17, 1992, when the H20 channel was not operational, climatological values compiled
by the UAR § Science Team are used. The UARS water vapor climatology below 0.5 hPa is based

primarily on the LIMS data (e.g., Russell ectal. 1984), assuming some scasonal symmetry to

9



extend this data base to he northern summer and fall periods not observed by LIMS. The MLS
20 retrievals are currently considered most reliable in the 46 to 0.2 hPa pressure range; the values
at 100 h ’a are mostly climatology, as are he values a 46 hPa a high latitudes. After April 25,
993, when the 1,0 chaunel ceased to operate, the scasonally adjusted fields from the period April
1992 - March 993 (yaws 7-16 in Table ) are used.

The MLS fields are augmented by distributions of methane and nitrous oxide from .he pre-launch
climatology and from the LIMS daytime distribution of NOs extended to a full scasonal cycle on
the assumption of hemispheric symmetry for the respective season. The tropospheric COy mixing
ratio is computed by means of the expressions given by Kecling at al. (1989) and a stratospheric
CO2 concentration of 346 ppmv is assumed. In addition, climatological values of the fractional
cloud coverage by high, middle and low clouds are utilized. They have been obtained from the
monthly averages distributed by the nternational Satellite Cloud Climatology Project (1SCCI
(Rossow and Schifler 1991). Since data for 1992-94 are not available yet, we used interannually
averaged data for 1984-86. Cloud- op heights for the three levels were also taken from 1ISCCP, but
we did not use ISCCP-supplied optical thicknesses or cloud types, instead taking all high clouds to
be cirrus, all middle-level clouds to be altostratus, and all low clouds to be stratocumulus. Details

of the assumed cloud optical properties given in section 4.

4 Isiavatic Heating

The input fields are obtained on the standard UARS pressure grid with 31 vertical levels
equally spaced in log-pressure between the ground and 0.01 h¥a. This vields a vertical resolution
of approximately 1/3 scale height (= 2.5 kin), but since MLS retrievals are performed at every
other level, the ver ical resolution of our input da.a is ~ 5 km. Heating calculations are perfomed

on the same ver ical grid at a 5° latitudinal resolu ion 1 applications where three-dimensiona

10
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input fields are required, thelougitudinal resolution is also 5°.

4.1 Solar Meating

The absorption of sunlight by Oz at UV and visible wavelengths provides the majority of the
solar heating at most stratospheric levels, but absorption within near-infrared H20, CO2, and O2
bands also produces substantial heating (1 o to 30%) inthe lower stratosphere. A variety of other
gases (N0, Cl4, NO2) contribute much less solar heating, butare included here for completeness,
as is Rayleigh scattering and scattering by tropospheric clouds. Rayleigh scattering indirectly
increases solar heating at some levels by increasing the pathlengths traveled by solar photons,and
decrcases it at other levels by reflecting solar radiation back to space before it can be absorbed by
the atmosphiere or the surface. Tropospheric clouds also produce small increases inthe stratospheric
heating rates by reflecting sunlight back through the stratosphere for asecond pass, againincreasing
the photon path length and the probability of absorption.

We have combined two different radiative modeling methods to account for the scattering and
absorption of surilight by these processes. At wavelengths outside of the strong near-infrared
H,0, CO2, and O2 absorption bands, where tile extinction of sunlight is deminated by Rayleigh
scattering and continuum absorption, solar fluxes and heating rates are obtained fromn a multiple
scattering modelbased o1 themultilevel 6-Edd ington /ad ding method (Crisp 1986). This approach
cannol beused at near-infrared wavelengths within strong gas vibration-rot atiou bauds, because
the broadband absorption within these bands does not satisfy the Beer- Bougher- Lambert Law
(1iou 1980; Goody and Yung 1989), as the multiple scattering model requires. We have therefore
replaced the é-Eddingto n/addin g model with a much simpler 2-stream nonscattering model (Crisp
1990) for these spectral regions. The broadband gas absorption at these wavelengths is evaluated

by means of a Voigt quasi-random model (Crisp 1990; Santee and Crisp 1 993). The absorption

11




by cloud droplets is aso included at these wavelengths, hut multiple scattering is neglected. The
solar spectrum is divided iuto 755 spectral intervals, equally spaced in wavenumber between 0.125
and5.26 microus,inorder to resolve the wavelength dependence of the solar flux, of the Rayleigh
scattering Cross section, and of the absorption coeflicients of the gas and cloud absorption features.
Spectral intervals occupied by infrared vibration-rotation bands of gases are further subdivided into
2 cm” Vintervals to improve the resolution of the band profiles and the accuracy of the product rule
(Goody and Yung 1989) which is used to combine absorption by two or more gases that absorb
in the same spectral interval.- Absorption cross sections for Oz and O2in tile visible and UV are
take' 11 fromDeMore et al. (1990).

Solar fluxes at the top of the atmosphere are taken from Thekackara (1969). A lLambertian
surface is assumed, with the visible al bedos taken from ISCCP data. For the near-infrared, we have
assumed that the ratio Of the surface near-1R albedo to visible albedo depends on surface type and is
approxiinated by the expressions of Briegleb (1992). latitudinal distributions of surface vegetation
have been obtained from the NASA Goddard Institute for Space Studies database (Matthews 1983,
1984) and the ISCCP ice-and-snow fraction is incorporated into the talc.ulatioll inorder to arrive
at a probable near-1R albedo for each month and zonal band.

The wavelength-deprendent extinction, absorption, and scattering Cross sections, and the scat-
tering phase functions for liquid water clouds havebeen derived by means of a Mie-scattering model
which combines a Mie-scattering algorithin (Wiscombe 1980 and 1992, personal commuunication)
with the methods used to integrate over particle size distributions described by Hansen and Travis
(1974). Cloud particle size distributions for altostratus (iniddle) and stratus (low) clouds are taken
from Hansen (1971). Refractive indices for liguid water are taken from Hale and Querry (1973). For
cirrus clouds, we uscthe wavelength -deprendent optical properties for colummnar ice colu mus (Free-

man and Liou 1979). The nominal visible optical depths for each cloud type are from Stephens



(1978).

Despite enhanced acrosol concentrations in the stratosphere during the early months of the
UARS mission causal by the eruption of Mt. Pinatubo, the presence of aerosols is ignored. This
neglect has been prompted by the desire to obtain a data base heating rates for comparison with
past work and for future reference and by the difliculty in obtaining global estimates of acrosol
properties and abundauces. As aerosol opacities and other optical properties become available
from measurements by groulld-based , aircraft, satellite, and other UARS instruments, it will be
possible to include aerosol eflects in the calculations, with one caveat: our code is not designed to
handle simultaneous multiple scattering and nongray absorption, which is important in the presence

of thie Pinatubo sulfate aerosols.

4.2 Infrared Cooling

Absorption and emission within the strong CO2 15-0m band and the O3 9.6-jan band dominate
the thermal flux divergences and cooling rates at most stratospheric levels. A variety of other
gases included in the model also absorb and emit thermal radiation, but their contributions to the
stratospheric cooling rates are much smaller. High- altitude tropospheric clouds aflect the thermal
cooling rates within the lower stratosphere by modulating the upward flux of thermal radiation
from the warm surface and lower troposphere, but t he rerativery 1ow single scattering albedo of
water droplets and ice crystals at these wavelengths reduces the mportance of multiple scattering,.
This substantially decreases the complexity and computational expense of the thermal radiative
modeling methods.

To account for the thermal radiative processes listed above, the radiative transfer model includes
absorption by gases (H,0, CO2, 04, N20, CH,4, 0,.NO2) and clouds, but neglects multiple scat-

tering. A Voigt quasi- random model (Crisp 1989,1990) is used to find gas transmission functions
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withiu spectral intervals occupied by vibration-rotation bands. The method described by Roberts

et d. (1 976) is used for water vapor continuum absorption. Clouds and aerosols are treated as
continuum absorbers within each thermal in frared spectral interval and their transmission 1S ob-
tained from Beer’s law. The solution to the thermal equation of transfer is similar to that described
by Crisp (1989, equations (5)-(9)), except that we have modified the surface boundary condition
to include a non-unit emissivity, and a temperature gradient between the surface and the first
atmospheric level above the surface (Crisp 1990, equation (14)). Inthe calculations reported here,
the two-stream, diffusivity-fa ctor approach for approximating the upward and downward thermal
fluxes is used, but our code can also apply the more rigorous multistreain method, i n which thermal
radiances arc obtained along 8 streams and gaussian quadrature is used to integrate the radiances
over zenith angle,i.c., tile model computes thermnal radiances along 4 upward streamsand 4 down -
ward streams, and the thermal flux integrals for the upper aud lower hemisphere are evaluated
using a 4-point gaussian quadrature.

The thermal spectrum between 5.26 and 250 microns is divided into 95 spectral intervals in
order tO resolve gas ab sorption bands and the wavelength dependence of the Planck function. A'S
inthe solar flux calculation, spectral intervals accupiedby gas vibration-rotation bands are further

subdivided into 2 cin™?

intervals to better resolve band countoursandtoimprove the accuracy of
the product rule. Gas absorption line parameters at in frared wavelengths are taken from the 1992
edition of the HITRAN database’ (Rothinan 1992). Ther mal infrared surface albedos are taken
from Warren (1982 ) for snow, assumed t0 be zero for dry land, and calculated explicitly for ocecan,
including the effect of increased sda-surface roughness as oune goes fromthe tropics to high latitudes.

The high accuracy of our thermalinfrared codeunder clear-sky conditions is documentedin

Iig. 1. This figure also shows that most of our counclusions wouldin fact be valid if only clear-sky

situations with three radiative gases (1,0, CO,,and 03, and a single surface albedo of 0.3 were

1



considered. That iS, the other gases as well as troposheric clouds and the distribution of surface
albedo can be regarded as “embellishiments” to the zeroth order effects provided by the three main
gases. It is the extensive teinporal aud spatial coverage and the high ver ical resolution of MLS
temperature, ozone, and water vapor measurements wWhich constitute the most valuable asset of

the present study.

5 Residual Circulation

The net diabatic heating rates Q are obtained as the sum of solar heating and infrared cooling
rates, calculated inthe mauner described insection 4. Given Q, the vertical and meridional
components Of the residual circulation (72*, w*) are computed from equations (4) and (5). The
87‘/(‘)1 term has been computed by differentiating equation (6) with respect to time, forming the
daily global maps of 87'/dt,and averaging bothalong latitude circles andover a 6-day period (i.c.,
of the 8 daily synoptic maps formed fromthe 7.2-day averages, the first and last are excluded). Since
we are not interested in 1-2 day variability inthe construction of global fields, spec tral components
with a, > 6.09 day-I (i.e., periods < 1.032 days) have been excluded in forming the maps. For
the periods October 22-23,1993 and January 25, 1994, which are too short to permit computation
of reliable Fourier coeflicients, the distribution of d7°/d¢ hasbeen sSet to zero. The distribution of
071'/9t for the period ¥ebruary 1-17, 1993, is shown in Figure 2a. By and large, §7'/t can also
be considered to be an “embellishment” in this study. Without global mmeasurements of meridional
and vertical winds, the eddy heating term £ canunot be calculated directly. We have employed two
methods to estimate the coritribution to F from planetary scale eddies. Inthe first method, this
terin has been computed from the three-dimensional wind fields provided by the UK Meteorological
Oflice and produced through a data assimilation procedure applied to conventional meteorological

data, including data fromthe NOAA Stratospheric Sounding Unit (Swinbank and O *Neill 1994).



These fields are available for the sccond UARS year begiuning 011 September 13, 1992. i the

Second method, Fe®:/# has beenapproximated by the formula
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which can be obtai ned from the linearized thermmodynamic equation, provided the terms in that
equation representing advection by zonally averaged meridional and vertical winds are negligible.
Since the evaluation of the right-hand side of the above equation requires the knowledge of the
three-dimensional field of net diab atic heating, the availability of a radiative transfer code faster
than ours IS essential for this task. We have chosen for this purpose the code developed by Shine
(1987) and the three-dimensional fields of ozone, temperature, and temperature tendency obtained
in @ manner similar to that described above for §7'/8t (i.c., withthe first and last days excluded
in forming the time average over a given period and excluding spectral components with o,, > 6.09
day-1). The distrib utions o f % obtained by the two methods for the period of February 1-17, 1993,
are shown in Figure 2b and 2¢, respectively, together with the distribution of net heating J /¢,
(Figure 2d). We have chosen this period for illustrative purposes,since the atmosphere was highly
disturbed at that time and tile corresponding values of F are particularly large. As can be seen, V)
is not negligible in comparison to J/c,, especially at high latitudes around 10 hPa. However, the
retention of this term in equation (5) changes the distributions of (*,w")only slightly, outside of
the winter high latitudes in the lower stratosphere. Since the main focus of this paper is onthe
equatorial upper stratosphere and lower mesosphere, we have neglected this terin in the subsequent
calculations. Ttisinteresting tonote that the twomethods of calculating F give qualitatively similar
results inthe upper stratosphere. The disagreement atlower altitudes may reflect the inadequacy
of approximation (7) under disturbed conditions, the uncertainties inassimilated fields (e.g., w’),

or differences in the computed diabatic hieatings due to diflerent algorithins and inputs.
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Fquations (4) aud (5) are solved by eans of a numerical approach developed by 1{.-l J. Shia

and M. Sautee,in which a streamfunctionx* is introduced

] 0 1 dy
oot 2/H Y f —2/H * O S
v cosd»( 02 (( X ) W acosqp O (8)

and the thermodynamic equation is differentiated with respect to latitude. The resulting stream-
function equation (equation (20) in Santee 1993) is solved by a matrix inversion technique, with the
boundary conditions x* =0 at the poles introduced naturally. Thus the scheme avoids numerical
instabilities associated with integrating the undifferentiated streamfunction equation from pole to
pole. In addition, a mnajor advantage of thisapproach isthat it avoids the problem of any global
imbalance between heating and cooling rates, a problem which has been shown to have serious
consequences for the resulting diabatic circulation (Shine 1989) (hc]w’ever, the:present app roach
does not alleviate the problem of any errors in the meridional gradients of the nct heating rates).
The calculatio ns of (v*,w*) are performed on a grid spaced 5° in latitude and 2 kin in log-prressure
altitude. No-flow boundary conditions are applied 2 = 74kmin (0.02hPa)and a the poles. At z=

16 kin (100 hPa), the condition expressed by equation (19)inSantee (1993) is applied. essentially,
this condition amounts to specifying w* at the lower bounidary (via the thermodynamic equation),
but unlike Garcia and Solomon (1983), who imposed w" externally, OUr matrix inversion technique
enables US to determine iii* a 100 hPa self- consistently. While w* so obtained cannot account for
the wra mass flux at 100 hPa, especially inthe tropics, it may still bean interesting quantity to
compare With the values froin Garcia and Soloinon ( 1983), Holton (IWO), and Rosenlof and Holton
(2 993) and we plot w* at 100 hPa, averagedfor cachof tile four seasons, as a function of latitude
in Figure 3. Our method of computing w*, based on tile radiation budget, is expected to be more
reliable than past estimates, giventhe high accuracy of our radiative transfer model. However,

as discussed earlier, uncertainties mway still belarge at 100 hPa, given uncertainties and the tlclll-
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simultancity of our input ficlds and the neglect of acrosols in the early UARS period. Our approach
complements the method of Holton and Rosenlof and Holton, who used the momentun equation
and the “downward control principle” to calculate w~ at 00 hPa. The values of the extratropical
downward mass flux at 100 hPa, averaged for the four seasons, are listed in Table 2, together with
the values from Rosenlof and Holton. An estimate of he accuracy of our values is provided by
the annual global average of .he mass flux at 100 hPa, which is = 4 x 10% kg s='. Our wintertime
values are similar to Rosenlof and Holton’s in the NH, but are roughly a factor of 2 larger in the
SH. Our summertime values are essentially zero, in contrast to the results of Rosenlof and Holton.
In SON we obtain much more coutrast between the hemispheres than Rosenlof and Holton do, and
in MAM we obtain more downward flux in SH than in NH, contrary to their results.

In the following, all distributions will only be shown between 00 and 0.2 hPa, with the upper
boundary being determined by he quality of MLS data. The extension of the calculations to
pressures less than 0.2 hPa (where our temperatures assume climatological values corresponding to
he a priori guess in the MLS inversion algorithin) is necessary in order to avoid spurious results
al the upper boundary. We have verified that the circulation at pressures greater than 0.2 hl’a
changes very little when x* = 0 is assumed anywhere above 2 = 68 kin. The same holds true for
pressures less than =~ 80 hPa when a no-flow boundary condition is applied at 00 hPa and this
provides some perspective on the effect of “embellishiments” discussed earlier.

n addition to the residual circula ion, the zonally averaged zonal velocity at latitudes greater

than 5° is computed using the gradient wind relationship, .e., equation (2) with G = 0, and the

geopotential fields computed from MLS tempera .ures and the 100-hPa reference level obtained
from the National Meteorological Center. Following Marks (1989), we chose the root with the
smaller absolute value of u. The zonal wind at the equator is obtained by interpolation, as was

done by HHi.chman and Leovy (1986). Given the three TEM velocity components, it is possible
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to calculate theright-handside of equation (1 ) and thus the forcing of the circulation (lHartinann
1976; Shine1989). This forcing is thesum of contributions from planetary andsmall scaie waves.
It is thought that the former dominateinthe stratosphere, hut their contribution (1 /pacosd)VF
cannot be separately determinedina zollaly-averaged app roach.

Figures 4-8 snow the computed distributions of the zonally averaged gradient wind, the mass-

weighted streamfunction X* = 2napge

x*, the meridional and vertical compounents of the resid-
ual circulation), andthezonalmomentumn residual, respectively. Thetime derivative of gradient
wind required for the calculation of the momentum residual is computed by differentiating the
gradient wind equation with respect to timeand using the fields of 7' /8t computed from equation
(6), together with the time derivative of the gecopotential height at 100 hPa computed by finite

differencing. The gross features in Figures 4-8 are quite similar in the three UARS years. The

particular features for each of the five fields will be discussed inturn.

The northern hemisphere westerlies are weak in January 1992 and January 1994, a manifes-
tation of minor stratospheric warmings. The final warming in the southern hemisphere is well
underway by tile endof October. In January, a strong easterly jet with velocities inexcess of 100
111 si% present at southern subtropical latitudes inthe lower mesosphere and upper stratosphere.
In February, a residual core of easterlies resides around2h1’a at 10°S. Similarly strong easterlies
were computed at the same location by Hitchinan (1985) for Jarnwary 1979, based on LIM S temper-
atures. In his study, the residual core of easterlies inlebruary 1979 resides around 7 hPaat10°S.
Our study shows that anecasterly jet aso formsin tile lower mesosphere and upper stratosphere at
northernsubtropical latitudes in July, but the maximumn velocities are somewhat reduced compared

with January.
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5.2 X*and v

The Brewer-Dobson circulation (upwelling inlow- to mid-latitudes, downwelling at high lati-
tudes)can clearly be seeninthe distribution of X*. In March, thesouthern branchof tile Brewer-
Dobson circulation intiudesinto the northern hemisphere aroundthe stratopause. In the wintertime
hemisphere, ©* is large at subtropical and mid-latitudes aroundthestratopause, forming a jet-like
feature with two branchesinthe upper stratosphere and lower mesosphere. The peak values of v~
inthe jet in January arc almost a factor of 2 higher than those diagnosed for July. Our peak values
in the lower mesospheric branch of the jet in January 1992 (upto 5 s') are similar to those of
Hitchman and Leovy (1986), who diagnosed a similar jet-like feature in the lower mesosphere from
I.IMS data (see their Figure 16), but did not diagnose the upper stratospheric branch of the jet.
A hint of a lower mesospheric jet is also present inthe other |,IMS-based studies by Solomon et
al (1986)and Gilleet a. (1 987), but their peak values are roughly a factor of 2 lower than ours.
A wintertime lower mesospheric je t also Was present in the climatological studies by Rosenfieldet
a. (1987) andCalliset a. (1987). As poinuted out by Calliset a., whether or notstrong poleward
flows are obtained depends, especially in the polar night, on the use of a detailed infrared cooling
code andthey would not be seen if a Newtoniau code were used. Oue of us (JE) has found out
during his ongoing research a MI'T that a wintertime jet around the stratopause is present inthe
distribution of »* calculated using winds from the GFDI “SKYHI” general circulation) model. This
model jet is co-located with a region of weak mixing diagnosed by analyzing Lagrangian trajectories
of air parcels, which suggests that the ])resc'lice of aregion of strong@™ may have implications for
the dispersal of chemical constituents.

In January-February andin July-August, ourdistribution of »* shows a structure with two
maxima close to the upper boundary of the domain (again, the values for January are afactor of

2 higher than theme for July). The maxima ave located at 50-60° and 20-30° in the winter- and
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summertime hemisphere, respectively. A similar “double-peaked” structure was diagnosed for the
winter of 1979 in the LIM S-based studies, with the peak values of Hitclunan and Leovy siinilar to
ours (inexcess of 7 sl ) andthose of Solomonet a. and Gille et a. afactor of 2 lower. However,
we Wish to emphasize that the reality of our strong meridional flows in the inesosphere is inneed
of further assessment inview of the uncertain quality of ML.S temperature data at pressures lower

than0.4- 0.2 hPa.

5.3 w*

The downwelling branch of the Brewer-Dobson circulation extends to greater heights in the
winter hemisph ere and is probably connected to a mesospheric cross-equator ial cell (1 .eovy 1964).
Strong (in excess of 16 mn S-' ) downward velocities at high latitudes in the wintertime lower
mesosphere are a feature our study shares with that of Solomon et al. (1986). As expected,
wintertime downward velocities in the stratosphere are greater in the north, since the greater wave
activity during northern winter leads to larger departures from radiative equilibrium and thus to
larger diabatic cooling rates. Ounthe other hand, the fieldof w* is very symmetric between the
north and the south during summer and fall. During spring, downward velocities at high latitudes
are large'r inthesouthern hemisphere.

i the tropics, aregion of downwelling exists in the upper stratosphere and lower mesosphere
during northern and southern winters. JFromn December through February, this region expands
downward from a level in tile mesosphere. This behavior mimics that obtained by Hitchman and
Leovy (1986), who computed tile residual circulation using LIMS data. A region of downwelling
around the tropical stratopause was also computed by Solomon et al. (1986) and Gille et al.
(1987), againbasedon LIMS data. Onthe other hand, it was not obtained in the. studies based on

climatological data, sincethe coarse vertical resolution of the climatological temperature fields, as
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well as the monithly averaging used to obtain those fields, tendtoreduce the amplitude of vertical

temperature contrasts (Hitchman1985). As discussed by Hitchman and Leovy, the presence of a
region of downwelling around the tropical stratopause is related to the high-temperature phase of
the semiannual oscillation (SAQO). The season of maximum temperatures at the tropical stratopause
corresponds to a time of maximum diabatic cooling (since at those atitudes cooling is dominated by
the cooling-to-sprace mechanism), as well as to a time of minimum solar heating (since temperature
andozone arc anti-correlated). In adiagnostic calculation, these two effects lead to a maximumin
the net diabatic cooling, andthus amaxiinumin the downward vertical velocities (but sece section

6 for a discussion of cause and effect in this case).

5.4 Zonal momentum residual

As expected, the sign of the residual inthe mesosphere is mostly opposite to that of the
zonal wind, which is consistent with small-scale drag. The magnitude of the drag atmid- and

high latitudes in the wintertime lower mesosphere (in excess of 70m S-1 day™!

in January) is
significantly greater than in previous studies (Shine 1989; Choi and Holton 1991), mainly as a
results of our higher values of * (since, a those latitudes, the maor contribution to the residual
is from the -- fo*term). The drag is smaller during southernwinter. In the northern hemisphere,
regions of enhanced drag exist around 1.5, 4and 10 hPa at mid- and high latitudes during fall
and winter. These regions are likely to be the locations where planetary waves break. Similar

regions mist in the southern hemisphere, butin July-August they tend to be weaker than their

counterparts in January-February.



G SAO and Stratospheric Transport

The SAO signalinw* discussed insecction 5.3 hias been diagnosed fromthe observed distribution
of temperature and ozone. This diagnostic result dots not immply, however,a cause-and-eflect
relationship between T and w*. Rather, the distribution of T is a result of dynamical effects
(represented by w*)and radiative eflects resulting from the annual cyclein the solar heating rates
(Andrews et a. 1987). Following Geller et al. (1992), the regions of the middle atmosphere
where these two effects dominate can be delineated by computing the correlation coeflicient »
between T and w*. The distribution of » for the first 25 UARS months is shownin Fig. 9. in
the stratosphere, this distribution bears a striki ng resemblance to the distribution computed by
Geller et a. from climatological data for 1978-86 (sece their Iig. 3). in particular, T and w* are
strongly anticorrelated in the tropics and positively correlated at higher latitudes. The tropical
anticorrelation implies dynamical control of temperature: rising residual motions give rise to cold
temperatures and descending motions give rise to warm temperatures. In the extratropics, on the
other hand, the temperatures are primarily under radiative control: warm in summer aud cold in
winter, with the secason of cold temperatures coinciding with the season of strong downward w”
(this downward motion causes the temperatures to be higher than they would be in the absence of
dynamical effects). Our distribution of r differssignificantly from that of Gelleret al. shove the
stratopause: in the tropics the anticorrelation between T and @* extends into the mesosphere at
a high confidence level aud,inaddition, there areindications of anticorrelation at all latitudes at
pressures less than 0.3 hPa.

The dynamical processes countrolling tropical temperatures are still somewhat uncertain. Geller
et a. argued for an upward effect of the Hadley circulation and its variations. Yulaeva et a. (1994)
presented arguments that the annual component of the tropical temperature variations in the lower

stratosphere is caused by extra tropical wave processes. Ounthe other hand, in the tropical upper
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stratosphere andlower mesosphere the largest signal in the temperature variations has a semiannual
periodicity and the high degree of anticorrelation scen for that region in Fig. 9 is likely to be a
manifestation of the SAO. With this inmind, we now turn to a discussion of the SAQ in the

hfl,S-derived fields.

(31 Equatorial SAO

In order tobetter illustrate the equatorial semiannual oscillation (SAQO),inFigure10 we
show the time-height sections of temperature, ozone, water vapor, gradient wind, the net diabatic
heating, the neridional and vertical components of the residual circulation, the meridional advection
of zonal momentum, and Of the zonal moinentum residual, averaged inthe 5°S-50N latitude baud.
The fields of T, O3, and u, besides exhibiting a clear SAO signalinthe upper stratosphere and lower
mesosphere, show a possible quasibiennial oscillation (Q]]()) inthe middle and lower stratosphere.
A possible QBO signal is also present in the time series of w*, inaddition to a strong SAO signal.
The anti-phase relationship in the SAO signals for ozone and water wapor are consistent with the
opp osite vertical gradients for the two species. The annual cycle dominates the time evolution of v*.
Theextremne values of w* are -6.5 and 3.7111111 s'1 and are thus evenlarger than the values obtained
by Choi and Holton (1991) intheir scheme modified to enhance the equatorial vertical velocities
(see their Figure ]12). our equatorial vertical velocities peakin January and August, respectively,
with their magnitudes being smaller in August. This time asyminetry between the two SAO cycles
is consistent with forcing by planctary wa ves, w hose activity is greater during northern winter.
The time-mean momentuin residual is westerly inthe lower mesosphere, which is consistent with
steady background forcing by cast war d-propagating waves , such as Kelvin waves (Andrews et al.
1987). The residual has a semiannual componentin the lower mesosphere and upper stratosphere

(in particular between 0.2 and 0.3 hPaandbetween 1 and 2 hiPa), with maximum westerly residual



during northern and southern winters. AS inthe Hitchmanand Leovy (1 986) study, the largest

contribution to themomentym residual is from the meridional advection termn, but other terins are
also important (in particular, the n egative residual inearly 1993 is due to the 9u/dt term).
Several other features seeninFigure 10 are worth mentioning. Timemean easterlies prevail
in the stratosphere, reaching a maximum around 2 hPa, but in the mesosphere the mean wind is
westerly. Our vertical profile (not shown) of the timemean of u roughly agrees with the profile
presented by Reed (1966) in his pionecring study of the SAO, except that our mesospheric westerlies

are even stronger than his, exceeding 20 m s™!

at pressures less than 0.3 hPa. This equatorial
superrotation requires an influx of westerly momentum by waves. Vertically propagating Kelvin
waves are a likely candidate for producing mesospheric time mean and SAO westerlies, although
Hitchman (1985) concluded that the Kelvin waves observed by LIMS contribute 110 more than
500/0 of the required westerly momentum, thus iinplying a possible contribution from vertically
propagating sinall scale gravity waves. A theoretical study of the forcing of the westerly phase of
the SAO by Kelvin waves was conducted by Dunkerton (1979).He noted that for a certain range
of phase speeds and momentum fluxes at the tropopause, the SA() should be mnodu lated by the
QBO, with the SAQ westerlies reaching lower altitudes andlinking up with the QBO westerlies
during the easterly phase of the QBO (the latter being usually defined as the prevailing wind
at 30 hPa). Such is the situation in our study (scelligure10d). This qualitative agreement is
certainly encouraging, despite the fact that our study is restricted to just one QBO cycle, aud
it should provide motivation for further studies of the westerly phase of the SAQ using M1.S-
observed waves. As for the easterly phase, we notethat the onset of SAO easterlies tends to
occur simultancously over adeep layer, whichseems to be inconsistent with forcing by vertically

propagating waves. Instead, meridional advection of easterly momentum and/or absorption of

horizontally prop agating stationary Rossby waves near the zero-wind line are commonly invoked



to explain the easterly phase. However, in several modeling studies the advection mechanism,

whileimportant right at the equator, proved to be incapable of producing easterlies as far as 20
degrees from the equator (Meyer 1970; Holton and Wehrbei n1980; Takahashi 1984), thusimplying
agreaterrole for the critical line absorption (Hopkins 1975). We note that our wintertime easterlies
doin fact reach 20°. If critical-line absorption is important, then one would expect large values of
(1 /oacosdp)VF,andthus of the momentum residual, in tile vicinity of the zero-wind line. A close
inspection of Fig. 8 does indeed reveal the presence of regions of enhanced momentum residual

around the stratopause near 20°N and 20° SinJanuary and July, respectively.

6.2 implications for stratospheric transport

The implications of the tropical SAO for the distribution of chemical tracers have been studied
by Solomonet al. (1986), Gray andPyle (1986), Gille et al. (1987), and Choi and Holton (1991).
In particular, those investigators noted tne' role played by the region or d ownwelli ng in producing
the “double-peaked” structure inthe distributions of water vapor, nitrousoxide, and methane. The
distribution of water vapor measured by MLS is showninFigure11, ]t shows a “double-peaked”
structure in low latitudesin the March-h May period of 1992 and 1993 andin October 1992. The
fact that the double peak is more pronounced around the vernal equinox, with H,O mixing ratios
exceeding 7 ppmyv a 1hPa a the equator inMarchandthe double peak missing entirely in the
fall of 1991, seems to be consistent with the vertical velocities atthe equatorial stratopause being
larger during the northern winter phase of the SAQ. The morphology of the region of negative w*
at low latitudes is also diflerent during tile two SAO phases: during southern winter this regiou
is smallerand is overlaid by arcgion of upward velocities. Inthe present study, the downward
velocities at the equatorial stratopause do exceed 1 mm s! in March (in March 1993 they even

exceed 2 mn s 1), as required by Choiand Holtonin order to produce the equinoctial double peak
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in the distribution of nitrous oxide.Qur vertical velocities are dlightly negativeinthe equatorial

upper stratosphere as late as April, whereas Choiand Holton were unable to sustain large negative
w* in their study, mainly because the SAO signal in the climatological fields of temperature they
used Was too small. One notable difference betweenthe double peakin the water vapor distribution
observed by LIMS and ML S is the vertical extent of this feature, which extends down to alinost 10
hPain the LIMS ficld, but only to about 2 hPainthe MLS distribution. The decp vertical extent
of tile LIMS double peak proveddiflicult to simulate with the residua circulation diagnosed from
LIM S (Solomon et al. 1986, Gille et al. 1987), sincein the latter the equatorial downwelling only
extended down to about 1-2 hl’a.Onthe other hand, if the smaller vertical extent of the MLS
water vapor double peak is real, theu it should be casier to simulate with our residual circulation,
whose downwardbranch a the equator aso extendsdown to about 2h1’a. The full linkage between
the SAO and the “double-peaked” structure canonly be established by means of a chemicaltracer
maodeland we intend to run such a model, with our residual circulation]) used as input,in the near
future. We conclude this section by noting a link between SAQ and ozone: stratospheric models
based on clinatologically diagnosed residual circulation fail toreproduce tile observed methane
distribution (Yanget a. 1991 ), another g))eties with a“double-peaked” structure, and this may
contribute, via its effect on the resulting ClO distribution, tothelong-standing “ozone-deficit”

problem (Eluszkiewicz and Allen 1993).

7 Summary

With the advent of tile Upper Atmosphere Rescarch Satellite ((JARS), it has become possible to
study the residual circulation)) inthe middle atmosphere at high vertical resolution over several
scasonal cycles. Inthis paper, this circulation has been diagnosed fromn measurements acquired by

the Microwave Limb Sounder onbhoard UARS. The vertical component of this circulation undergoes
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a semiannual oscillation (SAO) in the tropical upper stratosphere and lower mesosphere, which is
related to the SAO in temperature and ozone. Our results indicate a possible modulation of the
SA() by the quasi-biennial oscillation in the middle and lower stratosphere, which is consistent with
existing theoretical models Of the forcing of the westerly phase of the SAO by Kelvin waves. The
latitudinal extent of wintertime casterlies, as well as the analysis of the zonal momentum residual,
suggest a relatively minor role of the meridional advection of easterly momentum in forcing the
easterly phase of the SAO. The computed circulation should lead to improvementsin the two-
dimensional modeling of constituents exhibiting a “double-pea ked” distribution in low- and mid -
latitudes, in particular water vapor and methane. Since the latter controls the upper stratospheric

ClO abundances, these immprovements should ultimately lead to better models of ozone.
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Table 1

Averaging Periods for Radiative Heating and Residual Circulation Calculations. South-viewing

Period is Given First.

Yaw Label Averaging Periods
1 S-0 91 September 21-25 & October 2-9, 1991
2 O0-N 91 November 6-13 & October 18-25, 1991
3 N-D 91 November 26 -December 3 & December 5-12, 1991
4 Jan 92 January 15-22 & January 6-13, 1992
5 Feb 92 February 6-13 & February 15-22, 1992
6 Mar 92 March 24-31 & March 15-22, 1992
7 A-M 92 April 23-30 & May 2-9, 1992
8 M-J 92 June 15-22 & May 24-31, 1992
9 Jul 92 July 5-12 & July 19-26, 1992
10 Aug 92 August 14-21 & August 5-12, 1992
1 Sep 92 September 13-20 & September 22-29, 1992
12 O-N 92 October 30- November6 & October 21-28, 1992
13 N-D 92 | November 21-28 & November 30- December 6, 1992
14 Jan 93 January 10-17 & January 1-8, 1993
15 I'eb 93 February1-8 & February 10-17, 1993
16 Mar 93 March 20-27 & March 11-18, 1993
17 A-M 93 April 21-25 & April 27- May 4, 1993
18 hi-J 93 May 29 -June 5 & May 20-27, 1993
19 JJ 93 June 30- July 7 & Ju]y 9-16, 1993
20 JA 93 August 9-16 & July 25- August 1, 1993
21 Se]) 93 September 9-16 & September 23-30, 1993
22 O-N 93 October 25- November 1 & October 22-23, 1993
23 N-1) 93 | November 17-24 & November 26 - December 3, 1993
24 | D-J 93/94 January 7-14 & December 28 - Jauuary 4, 1993/94
25 J-F 94 January 25 & February 5-12, 1994
26
27
28
29
30




Table 2

Extratropical Downward Mass Flux at 100 hPa, in Units of 108 kg s7!, Calculated Using MLS Data
and the Radiation Code, Compared With Results From Rosenlof and Holton (1993) Obtained Using

UKMO Data and the Downward Control Method

NH SH

MLS U}EMO MLS UKMO
DI 85.6 80.6 -2.6 334
MAM 19.0 45.7 49.0 30.7
JIA O 25.7 67.8 30.1

SON 68.6 42.7 75 27.6

Note: The extratropics are defined as the region poleward of the lowest latitude at which the
vertical velocity is downward (secFig.3). In JJA, the residua velocity is upward throughout the
northern hemisphere, thus giving zero mass flux. The negative value for the SHin DI'J denotes
upward flux. In view of our estimate for the annual globalmean mass flux (=~ 4 x 10°kg s]), this

value is notsignificantly different from zero.
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Figure captions

Figure 1. (a) A comparison of thermal cooling ratesinthe spectral region between 526 and 250
jtm, computed by meaus of aline-by-linemodel (solid line) and the radiative model described
in the text (dotted line). The model atmosphere is the ICRCCM atmosphere (Luther and
Fouquart 1984) with three absorbing gases (COgz, 03, and H20) and the calculations have
been performed for clear-sky conditions. (b) A comparison of net heating rates for clear-sky
conditions with three gases (solid line)and cloudy conditions with seven gases (dotted line).

The model atmosphere is the 30°N average for July 19-26, 1992, as observed by ML.S.

Figure 2. Latitude-height sections of (a) temperature tendency 87'/9t, (b) eddy heating (the
second term in equation (5) multiplied by e—»z/H ) calculated from UKMO meteorological
fields, (c) eddy heating calculated from the right-hand side of equation (7) multiplied by
c—n2/H and(d)netdiabatic heating rate. The time average is for the periods February 1-8,
February 1-17, and February 10-17, 1993 for the latitude bands 90 °S-300S, 30 °S-30°N, and
30 °N-90°N, respectively. Contour levelsare 40.1, 0.3, 0.5, ... K day~'in (8)-(c) and 4 0,1,

2,... K day~tin (d).

Figure 3. The residual vertical velocity at 100 hPa. Solid line: September-October-November
(the average for the yaws # 1,2, 11, 12, 13, 21,22, and 23), dashed line: December-January-
February (yaws # 3, 4, 5, 14, 15, 24, and 25) dotted line: March-April-May (yaws #6,7,16.
17, and 18), dashed-dottedline: June-July-August (yaws #8, 9, 10, 19, and 20). See Table 1
for alist of yaws and their averaging periods. 1'he SON curve has been smoothed ]-2-1 once
in latitude to remove irregularities at southern latitudes. The values poleward of 80° have

been obtained by linear extrapolation in latitude,
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Figure 4. latitude-height sections of the zonal wind. IT IS EXPECTED THAT SOME PANELS

INTHELAST COLUMNWILLBEFILLED IN THEFINAL VERSIONOF THE }AI'E}.

Figure 5. Same as Figure 4, but for the mass-weighted streamfunction X* = 2rap.e M x* (in
units of 10° kg s). The contour interval is 0.2 and 0.5 for values lower and greater than
1.0, respectively. The zero-line is thicker andthe shading denotes areas of counterclockwise

flow. The lowest level has been omitted for clarity.
Figure 6. Same as Figure 4, but for the meridional component of the residual circulation v*.
Pigure 7. Same as Figure 4, but for the vertical component of the residual circulation w*.
Figure 8. Same as Figure 4, but for the zonal momentum residual (the 1,11S of equation (1)).

Figure 9. Correlation coeflicient between T and w* calculated from the first 25 UARS months. The

shading denotes anticorrelation. Within regions where|{r| >0.6, the sign of the correlation

iS certainat the 99% confidence level,

Figure 10. Zonally-averaged timne-height sections of (&) temperature, (b) ozone, (¢) water vapor,
(d) zonal wind, (c) @, (f) w*, (¢) the meridional momentum advection (the second term on
the LHS of equation (1 )), and (h) the momentumresidual (the sum of terms onthe LHS of

cquation (1)), averaged over the latitude band 5°S-5°N. in panels (b) and (¢) the time mean

has been taken out.

Pigure 11. Same as Figure 4, but for water vapor mixing ratio. Water vapor data are notavailable

for tile period June 1- July 16, 1992 and after April 25, 1993.
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